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Description

Field of the disclosure

[0001] The present disclosure is related to the field of LIDAR point clouds, and more precisely to the processing of
these point clouds so as to simulate the acquisition of a LiDAR point cloud of this scene in the presence of an aerosol,
for example an aerosol of liquid particles (or solid particles), typically fog (aerosol of water particles).

Description of Related Art

[0002] Light detection and ranging (LiDAR) is a method for determining the distance between a light emitter and an
object.

[0003] In particular, LIDAR is crucial for the implementation of safe autonomous cars, because LiDAR measures the
precise distance of objects from the sensor, which image (RGB) cameras cannot measure directly. Thus, LIDAR has
found its way into many applications, including detection, tracking, localization, and mapping. Despite the benefit of
measuring exact depth information, LiDAR has a significant drawback. The light pulses that LIDAR sensors emit in the
invisible near infrared (NIR) spectrum (typically at 850 and 903 to 905 nm wavelength) do not penetrate water particles,
or other types of aerosol particles, as opposed to automotive radars. This means that as soon as there are water particles
in the form of fog in the air (or other types of aerosols), light pulses emitted by the sensor will undergo backscattering
and attenuation.

Attenuation reduces the received signal power that corresponds to the range of the solid object in the line of sight which
should be measured, while backscattering creates a spurious peak in the received signal power at an incorrect range.
As a result, the acquired LiDAR point cloud will contain some spurious returns whenever there is fog present at the time
of capture. This poses a big challenge for most outdoor applications, as they typically require robust performance under
all weather conditions.

[0004] In recent years, several LIDAR datasets for 3D object detection have been presented. Although many of them
contain diverse driving scenarios, none of them allows an evaluation on different kinds of adverse weather. Only recently,
the Canadian Adverse Driving Conditions Dataset (CADCD) (Matthew Pitropov, Danson Garcia, Jason Rebello, Michael
Smart, Carlos Wang, Krzysztof Czarnecki, and Steven Waslander. Canadian adverse driving conditions dataset, 2020)
and the Seeing Through Fog (STF) Dataset (Mario Bijelic, Tobias Gruber, Fahim Mannan, Florian Kraus, Werner Ritter,
Klaus Dietmayer, and Felix Heide. Seeing through fog without seeing fog: Deep multimodal sensor fusion in unseen
adverse weather. In The IEEE Conference on Computer Vision and Pattern Recognition (CVPR), June 2020.) address
the need for such an evaluation. While CADCD focuses on snowfall, STF is targeted towards evaluation under fog, rain
and snow. Consequently, there is still not a large quantity of LIDAR foggy data available that could be used to train deep
neural networks.

[0005] In fact, collecting and annotating large-scale datasets per se is time, labor and cost intensive, let alone when
done for adverse weather conditions.

[0006] Figure 1Ais aphotography of ascene onwhich avehicle, a barrier,and abankare visible, although fog s present.
[0007] Figure 1B is a representation of a LiDAR point cloud for the scene of figure 1A. It can be observed that the
bank forms a dense cloud on the left side of the vehicle, because as a solid object, it reflects LIDAR pulses efficiently.
On the right side of the vehicle (and above the barrier which is outside the LiDAR system’s field of view directly next to
the vehicle), the absence of any solid object leads to LIDAR responses from the fog floating around the vehicle (the
small cloud around the vehicle). This results from the fact that the fog caused LiDAR responses and acts as an object
which will provide the strongest response in the absence of a solid object.

[0008] While difficult to represent here, an attenuation of intensity can also be observed.

[0009] The known techniques are still not satisfactory.

Summary

[0010] The presentdisclosure overcomes one or more deficiencies of the prior art by proposing a method for processing
a LiDAR point cloud of a scene so as to simulate the acquisition of a LIDAR point cloud of this scene in the presence of
an aerosol, comprising, for every point of the LIDAR point cloud:

a. determining the initial range of this point,

b. determining an initial intensity value associated with this point,

c. determining the product of the LIDAR system’s optical constant and of the LiDAR pulse peak power sent by the
LiDAR emitter,

d. determining a first intensity value (this first intensity value can be called the attenuated intensity value) for this
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point by multiplying the intensity value determined in step b, by a factor depending on an attenuation coefficient (set
at the desired aerosol density level for each simulation) and on the initial range determined in step a (i.e. an intensity
is calculated for the object already present in the scene which produced a point: a hard object),

e. determining a set of values each associated with a range comprised between 0 and the initial range determined
in step a (the ranges can increase from 0 to the range of step a with a given step, for example 10 cm), by calculating
an integral over time of predetermined relationship between the range (the one comprised between 0 and the initial
range), the initial range determined in step a, the attenuation coefficient, and the half-power pulse width of the LIDAR
emitter (used to acquire the LIiDAR point cloud - the emitter is comprised within a LIDAR system including an emitter
and a receiver),

f. identifying the greatest value of the set of values, and the associated range,

g. multiplying the value identified in step f by the product determined in step ¢ and a backscattering coefficient (for
example a constant set by an operator), to obtain a second intensity value corresponding to the backscattering
produced by the aerosol (the second intensity value can be called a backscatter intensity value),

h. if the second intensity value identified in step g is greater than the first intensity value determined in step d,

- determining a random value,

- replacing the position of the point with a position determined using the range identified in step f and the random
value (the random value ensures that the position is arranged randomly around the point corresponding to this
range - a new point cloud is obtained and instead of the initial point, there is now a point with a position comprised
substantially between the original point and the receiver),

- replacing the intensity of the point with the second intensity value obtained in step g (the new point has an
intensity depending on the integration of predetermined relationship),

else, replacing the intensity of the point with the first intensity value determined in step d (if the attenuated intensity is
greater than the backscattered one, the location of the point is kept but the intensity is attenuated).

[0011] The point cloud used as input can preferably be acquired under clear weather, which the person skilled in the
art will identify as the absence of aerosol. Alternatively, a light level of aerosol or fog can be present. The person skilled
in the art will be able to identify the presence of points owing to backscattering in the point cloud used as input, which
may indicate that a point cloud cannot be used as input.

[0012] It has been observed that a good simulation of the presence of aerosol can be obtained by determining two
different intensity values, as it reflects the effect of an aerosol such as fog: the signal can be attenuated but originate
from the initial object, or the aerosol itself will produce a peak through backscattering. In other words, the present method
is based on the physical effect that fog has on LiDAR.

[0013] If the backscattered peak is greater than the attenuated peak, the backscattered peak should be kept and its
location can be used to determine the location of the new point which replaces the initial point in the LIDAR point cloud.
This operation has been observed to be in accordance with how LiDAR system produces points (each point is associated
with a peak in the received signal).

[0014] The person skilled in the art can implement the first intensity value using the attenuation coefficient and the
initial range. For example, this can be done using a function, or a set of pre-calculated values (for example obtained
using LiDAR point clouds acquired under fog).

[0015] Also, the person skilled in the art will know how to define the attenuation coefficient. By way of example,
document "Semantic foggy scene understanding with synthetic data" (Christos Sakaridis, Dengxin Dai, and Luc Van
Gool. International Journal of Computer Vision, 126(9):973-992, Sep 2018) uses an analogous attenuation coefficient
in the context of fog.

[0016] The product of the LIDAR system optical constant and of the LiDAR pulse peak power sent by the LIDAR emitter
can be obtained using values provided by the manufacturer of the LIDAR system, or they can be deduced from a
measurement by the LIDAR system. Also, the LiDAR system optical constant is known to the person skilled in the art
as not depending on range or time but on the aperture area of the sensor and given by C, = cnAg/2, wherein ¢ is the
speed of light, 7characterizes the losses in the receiver’s optics and A is the aperture area of the sensor’s optical receiver.
[0017] According to a particular embodiment, the values obtained by integrating the predetermined relationship are
stored in a lookup table (having multiple entries in particular for the range, the initial range, and the parameters of the
predetermined relationship).

[0018] The values stored in this lookup table can be calculated in a preliminary step. This embodiment diminishes the
computing burden.

[0019] According to a particular embodiment, the integral of step e is the one of the following relationship
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T t) y exp(—2a (R - %t))

2ty
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x (R Ct)U(R R+Ct)dt
§ 2 0 2
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wherein R.fog is the received signal power as a function of range R for the contribution of the aerosol,

C, is the optical constant of the LiDAR system,

P, is the LIDAR pulse peak power sent by the LIDAR emitter,
B is the backscattering coefficient,

7y is the half-power pulse width of the LiDAR emitter,

tis the time,

a is the attenuation coefficient,

c is the speed of light,

() is the crossover function defining the ratio of the area illuminated by the LIDAR emitter and the part of it observed
by the receiver,

U() is the Heaviside function, and

Ry is the initial range determined in step a.

[0020] The above equation has been observed to be a good representation of the received power (from which the
intensity can be deduced as they are linearly linked) resulting from backscattering at different ranges.

[0021] This equation has been obtained using the linear system model of document "Influences of weather phenomena
on automotive laser radar systems" (R. Rasshofer, M. Spies, and H. Spies. Advances in Radio Science, 9, 07 2011)
which describes the received signal power at a LIDAR receiver, which is valid for non-elastic scattering. This equation
notably takes into account the spatial impulse response of the LiDAR optical system in foggy conditions.

[0022] It should be noted that the integral in this equation (the one of step e) can be used to obtain values stored in
said lookup table, or it can be used to perform on the fly computations.

[0023] The above equation also includes the multiplication by C,P, which is performed in step g, but preferably only
for the greatest value (alternatively for all values).

[0024] According to a particular embodiment, the integral of step e is calculated using an approximate method.
[0025] According to a particular embodiment, Simpson’s rule is used as approximate method.

[0026] This method has been observed to be a suitable numerical integration method for the invention.

[0027] According to a particular embodiment, step d comprises calculating the first intensity value using the following
equation:

lhara = I X exp(—2aRy)
wherein iy, is the first intensity value,

i is the initial intensity value,
a is the attenuation coefficient, and
Ry is the initial range determined in step a.

[0028] This equation has been observed to be a good representation of the received power for an object (here a
solid/hard object) when an aerosol is present.

[0029] According to a particular embodiment, the method comprises processing a plurality of LIDAR point clouds each
associated with labels (typically the position in space of objects and their types), to obtain a processed machine learning
training dataset comprising the processed LiDAR point clouds and the corresponding labels.

[0030] The invention further provides a method of training a machine learning detection model using the training
dataset obtained previously to detect the labels.

[0031] The simulation of aerosol improves the training of a machine learning detection model configured to receive
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LiDAR point clouds as input.

[0032] The invention also provides a system comprising a LiDAR system and, stored on a recording medium readable
by a computer, the neural network trained in accordance with the method as defined above.

[0033] The invention also provides a vehicle comprising a system as defined above.

[0034] In one particular embodiment, the steps of the method are determined by computer program instructions.
[0035] Consequently, the invention is also directed to a computer program for executing the steps of a method as
described above when this program is executed by a computer.

[0036] This program can use any programming language and take the form of source code, object code or a code
intermediate between source code and object code, such as a partially compiled form, or any other desirable form.
[0037] Theinventionis also directed to a computer-readable information medium containing instructions of a computer
program as described above.

[0038] The information medium can be any entity or device capable of storing the program. For example, the medium
can include storage means such as a ROM, for example a CD ROM or a microelectronic circuit ROM, or magnetic
storage means, for example a diskette (floppy disk) or a hard disk.

[0039] Alternatively, the information medium can be an integrated circuit in which the program is incorporated, the
circuit being adapted to execute the method in question or to be used in its execution.

Brief description of the drawings

[0040] Further features and advantages of the present disclosure will become apparent from the following description
of certain embodiments thereof, given by way of illustration only, not limitation, with reference to the accompanying
drawings in which:

Figure 1A and 1B, already described, represent a scene in which fog is present.

Figure 2 is a schematic representation of a LIDAR optical system.

Figure 3A and 3B are two graphs illustrating the received power as computed according to an example.

Figure 4 is a schematic representation of the steps of a method for processing LIDAR point clouds according to an
example.

Figure 5 is a schematic representation of a vehicle according to an example.

Description of embodiments

[0041] We will now describe a method for processing a LiDAR point cloud of a scene so as to simulate the acquisition
of a LIDAR point cloud of this scene in the presence of an aerosol.

[0042] Inthe presentdescription, homogeneous fogis used as the exemplary aerosol. The presentinventionis however
not limited to fog and can be adapted to other homogeneous aerosols (for example fumes, etc.).

[0043] From document "Influences of weather phenomena on automotive laser radar systems”, a linear system model
is known to describe the received signal power at a LiDAR'’s receiver, under the assumption that the scattering is non-
elastic. In particular, the received signal power Py as a function of range R (the distance between an object and the
receiver) is modeled as the time-wise convolution of the transmitted signal power Pt with the spatial impulse response
H of the optical system:

2R/c ct
Po(R) = cAf Pr(OH <R —?> dt Eq. 1

0

[0044] Wherein cis the speed of light, C, is the optical constant of the LIDAR system, R is the range, and tis the time.
[0045] More precisely, C, is a constant not depending on range or time but on the aperture area of the sensor and
given by C, = cnAg/2, wherein c is the speed of light, 7 characterizes the losses in the receiver’s optics and Ag is the
aperture area of the sensor’s optical receiver.

[0046] It should be noted that while the above equation provides an expression of the received power, the associated
intensity can be deduced from this power as they are linearly linked.

[0047] Now, we will describe and model the remaining terms. From the above document, it is known that the time
signature of the transmitted pulse can be modeled by a squared sine function:
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in? (—— ) <t<
P (t) = P, sin (ZTHt ,0<t <2ty Eq. 2
0 otherwise

0048] Wherein P, is the emitted pulse’s peak power and 7 is the half-power pulse width, and t is the time.

0 H
[0049] From the above mentioned document "Influences of weather phenomena on automotive laser radar systems",
T is usually known to be comprised between 10 and 20 nanoseconds. In equation 2, the time origin is not set at the

peak of the pulse, which typically corresponds to the acquired range measurement, but at the start of the pulse, so that
all signals are set at zero for negative time values. In the following, this convention is kept and the required correction
to the range is performed when necessary. For example, when subsequently a set of ranges has to be considered, the
TyC THC

B

correction can include going from 2 1o instead of from 0 to R

[0050] The spatial impulse response function H of the optical system can be modeled as the product of the individual
impulse responses of the optical channel, Hg, and of the target (i.e. the actual object) H:

H(R) = He(R)H(R) Eq. 3

[0051] And the impulse response of the optical channel H is:

2
(R Eq. 4

He(R) = —7~¢(R)

[0052] Wherein T(R) is the total one-way transmission loss and &R) is the crossover function defining the ratio of the
area illuminated by the transmitter and the part of it observed by the receiver, as represented on Figure 2, where a
bistatic beam configuration is used. By way of example, &R) can be expressed using the following piece-wise linear
approximation:

0,R <R,
Ry

Ry =Ry Ry— Ry

1R, <R

$(R) =

R, <R< R, Eq. 5

[0053] Wherein Ry, visible on figure 2, indicates the range at which the two beams start to overlap, and Ry, visible on
figure 2, indicates the range at which the two beams fully overlap. More precisely, figure 2 is a schematic representation
of a LiDAR sensor system equipped with a transmitter Tx and a receiver Rx which do not have coaxial optics but parallel
axes. This configuration is called a bistatic beam configuration.

[0054] Further, the total one-way transmission loss T(R) is defined as:

R
T(R) = exp <—f a(r)dr) Eq. 6
r=0

[0055] Wherein ofr) is a spatially varying attenuation coefficient, corresponding to a fog density level. As the fog is
considered to be homogeneous, o(r) = a, with « being a selected/given fog density level.
[0056] Consequently:

T(R) = exp(—aR) Eq. 7

[0057] It should be noted that the attenuation coefficient « increases as visibility range decreases. Therefore, for a
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same three-dimensional scene, the impulse response of the optical channel H., varies with visibility.

[0058] Also, the last term in equation 1 that remains to be modeled is the impulse response of the target Hy. However,
different cases should be considered for Hyaccording to the weather conditions, as the composition of the target for the
same three-dimensional scene is different under fog than in clear weather. The present method proposes to construct
a relation between the response P in clear weather and in fog for the same three-dimensional scene and this relation
enables the simulation of fog (or other aerosols) on clear-weather LiDAR point clouds.

[0059] Further, the previously described optical model is particularized for clear weather cases and fog in terms of
impulse response terms H and Hr.

[0060] Under clear weather, the attenuation coefficient « is zero, which leads to:

§(R)
HC (R) = RZ Eq. 8
[0061] Moreover, the target in clear weather is comprised only of the solid object on which the LiDAR pulse is reflected.
This type of target is called a hard target.

[0062] The impulse response Hy of a hard target at range Ry is a Dirac delta function expressed as:

Hr(R) = Hf*"*(R) = ByS(R — Ro) Eq. 9

[0063] Wherein 4, denotes the differential reflectivity of the target. If only diffuse reflections (Lambertian surfaces) are
considered, f, is expressed as:

r
fo==0<T<1 Eq. 10

[0064] Wherein I is the reflectivity comprised between 0 and 1.
[0065] Consequently, in clear weather the total impulse response function H(R) can be expressed as:

R
0

[0066] Wherein the property f(x)dx - Xg) = f(xg)dx - Xg) has been applied. Because in practice R, is less than two
meters, it is assumed that R, < Ry, which leads to &Ry) = 1. Thus, starting from equation 1 and given the range
measurement R obtained from an initial clear weather LIDAR point cloud, the received signal power can be computed
in closed form as:

2R/¢ T 1 ct
.02
Pretear(®) = G | Posin® (5=¢) 2z Bod(R — 5 = Ro) de
CaPoo ., (TR = Ry) Fq. 12
_)——sin"|——|,Rg SR <Ry +cty
- RO CTH
0 otherwise
Sn
[0067] The received signal power attains its maximum value at 0 2 As mentioned above, to conform with
CTH
the original range measurement of R, the response Pg ;¢,((R) is shifted by 2

[0068] The next step is to establish the transformation of Py gjear(R) to Pr 104(R), the received power under fog. While
the same hard target still exists since the three-dimensional scene is the same, there is now an additional contribution
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from the fog itself, which constitutes a soft target, as explained in document "Influences of weather phenomena on
automotive laser radar systems", that provides distributed scattering to the impulse response Hy.
[0069] The impulse response of this soft fog target is expressed as:

soft
H:*TY(R) = BU(Ry — R) Eq. 13
[0070] Wherein g denotes the backscattering coefficient, which is constant under the assumption that the fog is ho-

H (R) = B(R)
mogeneous, and U is the Heaviside function. In equation 13, the function, of document "Influ-
ences of weather phenomena on automotive laser radar systems" is discretized.
[0071] The co-existence of a soft target and a hard target can be modeled by considering the superposition of the
respective impulse responses:

Hr(R) = Hy*TE(R) + HI*r(R) = BU(Ry — R) + BoS(R —Ry)  Eq. 14

[0072] Consequently, in fog, the total impulse response function H(R) can be expressed as:

exp(—2aR){(R)
RZ

H(R) = X (BU(Ry — R) + BoS(R — Ry)) Eqg. 15

[0073] It has been observed that compared to clear weather, the spatial impulse response in fog is more complex to
compute, but it can still be decomposed into two terms, corresponding to the hard and soft target respectively, leading
to a respective decomposition of the received response as:

_ phard soft
PR,ng(R) - PR,ng(R) + PR'fog(R) Eq' 16

[0074] Focusing on the hard target term, and using equation 1 to calculate the corresponding term of the received

hard

PRfog(R)
response , and leveraging again the assumption that R, <« Ry, the following equations are obtained:
hard
PR,fog (R)
c exp(—2aR,) fZTH P sin? < is t) B8R ct Ry)dt
=()y——— sin® | — -

Eq. 17

CaPoPo exp(—2aRy) sin? <7T(R —Ry)
= R,? cTy
0 otherwise

),RO <R <Ry+cty

= exp(—2aRo)Pr ciear(R)

[0075] Thus, the hard target term of the response in fog is an attenuated version of the clear-weather response Pg ;oo
On the other hand, the soft target term is expressed as:
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ft 2Ty T
SO
Pr fog(R) = CAPO,Bf sin Z—t)

o2 Bg) ey
B (o ufues

[0076] Equation 18 does not possess a closed-form expression, as the integral /(R, Ry, o, ;) on the right-hand side of
equation 18 cannot be calculated analytically.
[0077] However, for a given 7, and a given « (which can be set according to a desired density level of fog by an

operator), (R,Ry,c, 74) can be computed numerically for fixed values of R. By way of example, Simpson’s 1/3 rule for

Py oy (R)

numerical integration can be used to provide an approximation of the profile of with a chosen level of

precision.

;(}{;t (R) Phard (R)
[0078] Figure 3A and 3B are illustrations of both 9 Rfog . These two terms of received signal
hard

power correspond to a single LIDAR pulse, associated with a solid object that reflects the pulse Rfog and the soft
soft
target R.fog , plotted across the range domain. On figure 3A, the fog is not thick enough to yield a return due to

backscatter, while on figure 3B, the fog is thick enough to yield a return due to backscatter that overshadows the solid
object at Ry = 30m. As the LIDAR receiver usually places a point into the point cloud associated with the greatest peak

in the received signal, it follows that for figure 3A, the range is unchanged and the power should be calculated in
accordance with equation 17, while for figure 3B, the range and the position of the point in space should both be changed
in accordance with equation 18.

[0079] In fact, depending on the distance of the hard target from the sensor, the soft target term of the response may
exhibit a larger maximum value than the hard target term, which implies that the measured range changes due to the
presence of fog and becomes equal to the point of maximum of the soft target term.

[0080] It should be noted that the parameters of equations 1 to 18 can be defined in accordance with a given LIDAR
system. By way of example, a LiDAR system commercialized by the American company Velodyne Lidar under the
reference HDL-64E can be considered. This leads to a half-pulse width 7, of 20 nanoseconds. Also, B can be set to

0.046

MOR (as in document "Influences of weather phenomena on automotive laser radar systems" - MOR being the

1x107°

Meteorological Optical Range). Empirically, £, has been setto 77’ for all points to get a similar intensity distribution

as in real foggy point clouds obtained by an HDL-64E LiDAR sensor.

[0081] From equations 1 to 18, it is possible to conceive a method, implemented on a computer, which will take a
LiDAR point cloud of a scene as input, and simulate the acquisition of a LIDAR point cloud of the same scene in the
presence of an aerosol such as fog, for every point of the LiDAR point cloud.

[0082] On figure 4, an exemplary method is represented. This method comprises, for every point of the LIDAR point
cloud (under clear weather), an initial step DET_RO wherein the initial range Ry of this point is determined. Typically,
the point has three coordinates to define its position in space. From these coordinates, it is possible to determine the
initial range.

[0083] In a second step DET_|, the initial intensity value i associated with the point is determined. This intensity is
provided along with the LIDAR point cloud.

[0084] Then, the product of the LiDAR system optical constant and of the LiDAR pulse peak power sent by the LIDAR
emitter are determined in step DET_CaPO0. This corresponds to obtaining the product C,Py, which can be provided by
the manufacturer of the LIDAR system, or deduced from equation 12. In fact, using the intensity i and the range R, of
the point and a selected value of £, it is possible to deduce this product.
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[0085] From this initial intensity value i, a first intensity value, for example denoted iy, for this point is determined in
step DET_I1. This is performed using equation 17 (adapted for intensities), and comprises multiplying the intensity value
determined in step DET_|I, by a factor depending on the attenuation coefficient « and on the initial range R determined
in step DET_RO.

[0086] Inasubsequentstep DET_I2(R)(whichcould also be performed before DET_I1), a set of values each associated
with a range comprised between 0 and the range determined in step a, by calculating an integral over time of a prede-
termined relationship between the range R, the initial range R, determined in step a, the attenuation coefficient «, and
the half-power pulse width 7 of the LIDAR emitter. In other words, this step comprises determining /(R,R, «, ), for
example for ranges spaced apart by 10cm, and also for example by using Simpson’s rule.

[0087] Alternatively, step DET_I2(R) comprises using a lookup table in which the values have been predetermined.
[0088] Then,instep ID_I2R, the greatestvalue iy, of the set of values is identified, as well as the associated range Ry,
[0089] A multiplication is then carried out (step MULT) wherein the value itmp identified in step ID_I2R is multiplied by
the product determined in step DET_CaPO0 and the backscattering coefficient g, to obtain a second intensity value iy g
corresponding to the backscattering produced by the aerosol.

[0090] A comparison is then performed in step 12>11. If the second intensity value iy is greater than the first intensity
value iy, then the soft target has produced a greater LiDAR response than the hard target (similar to figure 3B).
[0091] Step REPL_I2 is then carried out in which:

* Arandom value is determined (to avoid having a precise sphere of points associated with the fog/the soft target),

* The position of the point (the initial point of the LIDAR point cloud) is replaced with a position determined using the
range Ry, identified in step ID_IZR, and the random value.

* Theintensity of the point (the initial point of the LIDAR point cloud) is replaced with the second intensity i, obtained
in step MULT.

[0092] By way of example obtaining a random value can comprise obtaining a random value p comprised within -1

_ Bemp
and 1 (of type float). A noise factor n = 2P can then be calculated which will be used with a scaling factor Ro
(with Ry, being the range identified in step ID_I2R). The coordinates x,y,z of the point can be replaced as follows:

XeSXnXx

yeSXnXy

ZeSXnNXzZ

[0093] The pointis then replaced in the LIDAR point cloud.

[0094] If the first intensity iy, is superior or equal to the second intensity gy,
but the first intensity value iy, is used as the new intensity value of the point.
[0095] By way of example, it is possible to process the point clouds from a dataset of LIDAR point clouds acquired
under clear weather, for which labels are known, to obtain a training dataset.

[0096] From this training dataset, a machine learning detection model such as the PV-RCNN (Shaoshuai Shi, Chaoxu
Guo, LiJiang, Zhe Wang, Jianping Shi, Xiaogang Wang, and Hongsheng Li. Pv-rcnn: Point-voxel feature set abstraction
for 3d object detection. In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, pages
10529-10538, 2020) can be trained to obtain a trained machine learning detection model to detect objects.

[0097] This model can be stored in a non-volatile memory, as represented on figure 5.

[0098] Figure 5 is a schematic representation of a vehicle 200, here a car, equipped with a system 201 for performing
an object detection using LIDAR point clouds acquired by a LiDAR system (emitter 202A and receiver 202B). System
201 comprises a processor 203 and a non-volatile memory 204 in which the trained model has been stored.

[0099] It should be noted that the detection of various objects (cars, cyclists, pedestrians) has been improved when
training a detection model with the processed point clouds of the present method, in particular, the detection is improved
over the fog simulation of document "Seeing through fog without seeing fog: Deep multimodal sensor fusion in unseen
adverse weather" (Mario Bijelic, Tobias Gruber, Fahim Mannan, Florian Kraus, Werner Ritter, Klaus Dietmayer, and
Felix Heide. In The IEEE Conference on Computer Vision and Pattern Recognition (CVPR), June 2020).

the position of the point is unchanged

10
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[0100] Throughout the description, including the claims, the term "comprising a" should be understood as being syn-
onymous with "comprising at least one" unless otherwise stated. In addition, any range set forth in the description,
including the claims should be understood as including its end value(s) unless otherwise stated. Specific values for
described elements should be understood to be within accepted manufacturing or industry tolerances known to one of
skill in the art, and any use of the terms "substantially" and/or "approximately" and/or "generally" should be understood
to mean falling within such accepted tolerances.

[0101] Although the present disclosure herein has been described with reference to particular embodiments, it is to
be understood that these embodiments are merely illustrative of the principles and applications of the present disclosure.
[0102] It is intended that the specification and examples be considered as exemplary only, with a true scope of the
disclosure being indicated by the following claims.

Claims

1. A computer implemented method for processing a LiDAR point cloud of a scene so as to simulate the acquisition
ofaLiDAR point cloud of this scene in the presence of an aerosol, comprising, for every point of the LIDAR point cloud:

a. determining (DET_RO) the initial range of this point,

b. determining (DET_I) an initial intensity value associated with this point,

c. determining (DET_CaPO0) the product of the LiDAR system’s optical constant and of the LiDAR pulse peak
power sent by the LIiDAR emitter,

d. determining (DET_I1) a first intensity value for this point by multiplying the intensity value determined in step
b, by a factor depending on an attenuation coefficient and on the initial range determined in step a,

e. determining (DET_I2(R)) a set of values each associated with a range comprised between 0 and the initial
range determined in step a, by calculating an integral over time of a predetermined relationship between the
range, the initial range determined in step a, the attenuation coefficient, and the half-power pulse width of the
LiDAR emitter,

f. identifying (ID_I2R) the greatest value of the set of values, and the associated range,

g. multiplying the value identified in step f by the product determined in step ¢ and a backscattering coefficient,
to obtain a second intensity value corresponding to the backscattering produced by the aerosol,

h. if (12>11) the second intensity value identified in step g is greater than the first intensity value determined in
step d,

- determining a random value,

- replacing the position of the point with a position determined using the range identified in step f and the
random value,

- replacing the intensity of the point with the second intensity value obtained in step g,

else, replacing the intensity of the point with the first intensity value determined in step d.

2. The method of claim 1, wherein the values obtained by integrating the predetermined relationship are stored in a
lookup table.

3. The method of claim 1 or 2, wherein the integral of step e is the one of the following relationship

ct
PoIE (R) = C4PoB fZTH sin (Zn t) X exp(—Za( _ 7))

Fr fog T ct
H R—>)
; (R Ct) U (R R Ct) d
X o —R+—)dt
2 0 2
SOft ( )
wherein R fog is the received signal power as a function of range R for the contribution of the aerosol,

1"



10

15

20

25

30

35

40

45

50

55

10.

1.

12.

EP 4 124 888 A1

C, is the optical constant of the LIDAR system,

Py is the LiDAR pulse peak power sent by the LiDAR emitter,
B is the backscattering coefficient,

7y is the half-power pulse width of the LiDAR emitter,

tis the time,

a is the attenuation coefficient,

c is the speed of light,

&() is the crossover function defining the ratio of the area illuminated by the LIDAR emitter and the part of it
observed by the receiver,

U() is the Heaviside function, and

Ry is the initial range determined in step a.

The method of claim 3, wherein the integral is calculated using an approximation method (e.g. numerical integration).
The method of claim 4, wherein Simpson’s rule is used as approximation method.

The method of any one of claims 1 to 5, wherein step d comprises calculating the first intensity value using the
following equation:

lhara = I X exp(—2aRy)
wherein iy, is the first intensity value,
iis the initial intensity value,
a is the attenuation coefficient, and
Ry is the initial range determined in step a.
The method of any one of claims 1 to 6, comprising processing a plurality of LIDAR point clouds each associated
with labels, to obtain a processed machine learning training dataset comprising the processed LIDAR point clouds

and the corresponding labels.

A method of training a machine learning detection model using the training dataset obtained in claim 7 to detect the
labels.

A system comprising a LiDAR system and, stored on a recording medium readable by a computer, the neural network
trained in claim 8.

A vehicle comprising a system according to claim 9.

A computer program including instructions for executing the steps of a method according to any one of claims 1 to
7 when said program is executed by a computer.

Arecording medium readable by a computer and having recorded thereon a computer program including instructions
for executing the steps of a method according to any one of claims 1 to 7.

12
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